The activation of endogenous pancreatic enzymes during automated pancreas digestion may be detrimental to islet isolation. In this report we assessed the activation of trypsin, chymotrypsin, elastase, carboxypeptidases A and B, phospholipase A 2 , and lipase using a porcine model. Four islet isolations were examined. Duplicate aliquots were taken from the automated circuit at 5-min time intervals up to the completion of pancreas digestion (approx 60 min). One aliquot was activated in vitro with exogenous trypsin in order to convert the enzymes into their active non-"proform," with the exception of trypsinogen, which was activated with exogenous enterokinase. This was done to assess the percentage activation of each individual enzyme (total potentially activatable enzyme release). The extent of activation between isolations was extremely variable. During the closed (recirculating) circuit phase of pancreas digestion there were both gradual and rapid increases in the levels of enzymes released. Peak activity of enzyme activation varied from 13 to 30 min; similarly, total potentially activatable peaks occurred between 13 and 38 min. Lipase and carboxypeptidase B showed greater than 70% activation, chymotrypsin, carboxypeptidase A, and phospholipase A 2 be tween 50% and 70% activation, and trypsin and elastase less than 20%. There were up to 30-fold differences between the four islet preparations. In summary, it is unlikely that poor islet yields are soley explained by variations between collagenases; the variable activation of endogenous pancreatic exocrine enzymes is also likely to be influential to porcine islet yields.
INTRODUCTION
Porcine islet yields after pancreas digestion are very variable (27, 38) . Many factors are thought to account for this. More recently, the collagenase digestion phase is thought to be the most crucial because of batch varia tion between collagenases (15, 21) . Collagenase has the ability to enzymatically separate islet tissue from sur rounding acinar tissue. This process then allows islets to be separated from acinar tissue by density gradient purification because of the differences in boyant densi ties between islets and acinar tissue. However, this se lective dissociation of extracellular pancreatic tissue does not always occur and islets can remain enveloped by acinar tissue. The other extreme is that islets can be overdigested and become severely fragmented or dis persed into single beta cells.
Many investigators have attempted to explain these latter observations other than by variation between colla genase batches (41) . Those most commonly documented include donor factors (e.g., age) (1), pancreatic ischemia (18) , pancreatic collagen content (35, 39) , and the tech nique of pancreas distension (14, 17, 37) .
One of the least considered areas that could poten tially influence the collagenase digestion phase is the release of endogenous pancreatic enzymes (e.g., trypsin, chymotrypsin, and elastase) during automated islet isola tion (11, 32) . At the time of organ retrieval these en zymes are in their "inactive" proform within the native pancreas but as collagenase degrades pancreatic connec tive tissue they are released into the automated circuit and become activated into their "active" form (32) . How these enzymes are activated from the perspective of islet isolation is not entirely known but it has been suggested that it is the inherent impurities within commercial col lagenase (e.g., trypsin). Theoretically, other activated enzymes, not just trypsin, have the potential to damage acinar and endocrine cells, particularly those that can digest cell surface components (e.g., lipids and proteins).
The purpose of this study, therefore, was to evaluate the activation of the porcine pancreatic protease en zymes trypsinogen, proelastase, chymotrypsinogen, pro carboxypeptidase A, procarboxypeptidase B, prolipase, and prophospholipase A 2 in the presence of collagenase during porcine islet isolation. Amylase and kallikrein were excluded from analysis principally because amy lase is more relevant to carbohydrate metabolism and kallikrein because it totals less than 0.4% of all pancre atic exocrine secretions (29) .
MATERIALS AND METHODS

Animals
Four adult porcine pancreata (75-100 g) were re trieved from the local abattoir (Dawkins International, Congerstone, UK) and transported to the islet isolation laboratory in HOC (Baxter Health Care Ltd, Thetford, UK) at 4°C.
Islet Isolation and Protease Collection
Following approximately 60-min cold ischemia each pancreas underwent automated islet isolation (26) with ULEIC/collagenase digestion as previously described (38) . The distended pancreas was placed into the auto mated chamber and brought up to 37°C (approximately 2 min). At this time point (0 min) the chamber was shaken and immediately inverted and a 5-ml sample of circulating HBSS was aspirated from the three-way bi opsy tap situated immediately below the outlet port of the chamber. The biopsies were then filtered and centrifuged at 1500 x g for 5 min (CR422, Jouan, Herts, UK)
to remove all pancreatic tissue fragments. The superna tant was aspirated and immediately transfered to an Eppendorf for storage at -20°C. Further biopsies were sim ilarly repeated at 5-min intervals up to and including 55 min when pancreatic digestion was deemed to be com pleted.
Trypsin, Chymotrypsin, and Elastase Assay
The fluorogenic compounds 7-(/V-benzoyl-DL-argininamido)-4-methylcoumarin for trypsin, A/-acetyl-Ala- This technique was applied to all enzymes. The percent age that existed in its inactive precursor form was calcu lated by activating the inactive precursor in vitro and this was called the "total percentage activation."
The in vitro enzyme activation of trypsinogen with porcine enterokinase was performed as described by 
Phospholipase A 2 Assay
This was performed by the potentiometric titration of the fatty acids produced by its action on an egg yolk emulsion (3, 24) . A more accurate method of radioimmu noassay has been recently developed but substrates were not commercially available in the UK (25) .
The substrate to use for assay of phospholipase A 2 is egg yolk lipoprotein. This substrate consists of a mixture of proteins but is specific for phospholipase A 2 as previ ous studies have shown no activity with contaminating pancreatic lipase, trypsin, chymotrypsin, and carboxypeptidases. The assay is based on recording the con sumption of alkali needed to keep a constant pH when phospholipase A 2 liberates fatty acids (24) .
The substrate consists of one egg yolk homogenized in 100 ml of distilled water and stirred for 10 min. To 
Lipase Assay
Many different methods of lipase assay have been described including titrimetric (2, 4) , turbimetric (31), fluorometric (28) , and immunological (7) . For the pur pose of this experiment a colorimetric assay on an auto mated analyzer was used (13) . (13) .
RESULTS
Seven endogenous pancreatic enzymes were studied.
The profiles of both activated and the total (potentially activatable) enzyme release were plotted graphically for each individual enzyme. Graphs were plotted in terms of enzyme release per gram of pancreas against duration of automated porcine pancreas digestion. The profiles from four islet preparations were compared for each in dividual enzyme. The maximum peak of enzyme activ ity release during the digestions is summarized in Table   1 .
Generally, it can be seen that during the closed (recir The profiles of chymotrypsin release showed a simi lar pattern of release ( Fig. 2a-d) . As with trypsin release chymotrypsin gradually increased during the closed cir cuit, reaching maximal release during the open circuit phase. The median time of peak activated chymotrypsin was at 20 min, similar to the peak of the potentially activatable chymotrypsinogen. The vast majority of chy motrypsin existed in its inactive chymotrypsinogen form, with the exception of one isolation where most was completely activated (Fig. 2a ). There was little vari ation between the maximum peak release of activated chymotrypsin or totally potentially activatable chymo trypsinogen release (5.00 vs. 7.12; fluorescence/g/pan creas). There was a 15-fold (5.75 vs. 84.37; fluores cence/g/pancreas) difference between isolations for total potentially activatable chymotrypsinogen.
The profdes of elastase release ( Fig. 3a-d Figure 1 . (a-d) Activated (shaded area) and total potentially activatable trypsin (striped area).
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dase A (Fig. 4a-d ) and procarboxypeptidase B ( Fig.   5a -d) also demonstrated variability between prepara tions. Carboxypeptidase A was generally in its active form with more consistent median peak values ranging from 11.1 to 16.4 A Abs x 10~5/min/g/pancreas. In the case of activated carboxypeptidase B multiple peaks oc curred throughout isolations and there was also an 18fold difference (0.67 to 12 A Abs x 10" 6 /min/g/pancreas) in the median peak value range between islet prepara tions. The total potentially activatable procarboxypepti dase B median peak was similar to that of the activated peak, indicating that the majority existed in its active state during porcine islet isolation though values were very small (10 -6 ), similar to the low levels for carboxy peptidase B (10 5 ).
The median peak of total potentially activatable phospholipase A 2 (Fig. 6a-d ) release occurred at a much later stage during the open phase of pancreas digestion com pared to activated phospholipase A 2 (13 vs. 33 min).
Once again this enzyme showed a capacity for further potential activation. During three preparations the levels of activated phospholipase A 2 were low compared to the total potentially activatable enzyme (median peak values 31.8 vs. 92.2 FFA release/u,l/min/x 10" 3 peak g pan creas) ( Table 1 ). In one preparation there was a 30-fold increase (Fig. 6a ) in the value of activated phospholipase A 2 in comparison to the other isolations.
Finally, lipase ( Fig. 7a-d 
DISCUSSION
The collagenase digestion phase of islet isolation has been previously documented to cause morphological disruption of both acinar and islet endocrine cells (30) .
Acinar cells show vacuolation due to disorganization of
the endoplasmic reticulum along with discontinuity of their plasma membrane, yet these changes are much less pronounced in islet cells (30) . With respect to islet cells, high intraductal collagenase perfusion pressures (14) along with prolonged pancreas digestion can cause islet fragmentation and dispersion into single beta cells that are unsuitable for transplantation. Most investigators re fer to collagenase as being the most likely candidate to induce these findings (21) , though it is conceivable that endogenous pancreatic proteases that are released into the islet isolation medium could also play a role.
Previous studies allude to endogenous pancreatic pro teases having both advantages (12) and disadvantages (11, 40) to islet isolation (8, 33) . It is still not known what precipitates the endogenous pancreatic protease activa tion cascade during islet isolation. Physiologically it is enterokinase that is released from gut enterocytes. In the situation of automated islet isolation it is perhaps most likely to be the mixture of crude impurities (e.g., neutral protease, trypsin, clostripain, etc.) within commercial collagenase rather than the collagenase itself. Traverso significantly better islet yields (6,795 islets/g). This is perhaps not so surprising given that trypsin is known to cause islet fragmentation (19) . However, it is theoretical that trypsin inhibitors have their effect by inhibiting other endogenous pancreatic enzymes (e.g., elastase, chymotrypsin, phospholipase A 2 , etc). To sumise, tryp sin may not necessarily exert direct effects on the pan creas but merely indirect ones via activation of other pancreatic proenzymes. Evidence also in favor of this hypothesis has to a certain extent been demonstrated in animal models with isolated acinar cells during autoactivation in acute episodes of pancreatitis (20, 23) . which is most frequently documented to be influential to islet isolation, was only 20% activated. Many factors could account for the low levels of trypsin activation including donor factors (e.g., hyperlipidemia) (23), con taminating bile, levels of endogenous protease inhibitors (25) , but perhaps most important is the duration of pan creatic ischemia (16) and the batch of collagenase (32) .
Particularly the latter as crude collagenase is known to possess trypsin activity and this could be the mediator of the pancreatic enzyme activation cascade. Further more, this property could also vary betweeV batches (15) . Figure 6 . (a-d) Activated (shaded area) and total potentially activatable phospholipase A 2 (striped area). els do not appear to influence acinar cell survival (20) .
Only after a 10-fold increase in trypsin activity were the cells slightly damaged (blebbing), but a more than 100fold excess was necessary to kill individual cells. A much stronger correlation has been observed with chy motrypsin where damage prevailed at one tenth the con centration of trypsin. Chymotrypsin activation was 52% in this study, greater than that of trypsin, but there was marked variability between isolations. Tentatively, this enzyme could be potentially more damaging to isolated islet tissue, though previously this has not been specifi cally investigated.
Nagai et al. (22) have likewise demonstrated that aci nar cells individually incubated with physiological con centrations of trypsin, lipase, or phospholipase A 2 have preserved cellular integrity based on morphological analysis and release of [ 35 S]methionine-labeled proteins. Nonetheless, incubation times in this study were only 30 min; pancreas digestion, in contrast, can take up to 70 min. A difference in the intensity of cellular destruction was only seen when lipase in combination with triglyc erides was added to the incubation medium. The release of triglyceride degradation products (e.g., diglycerides and fatty acids) resulted in marked cellular toxicity and structural disintegration of acinar cells. Interestingly, some of these changes were inhibited by albumin but more specifically by the lipase inhibitor tetrahydrolipstatin. In addition, the toxic potential of phospholipase A 2 is also significantly enhanced in the presence of its substrate, releasing toxic byproducts such as lysophospholipids that can be further converted into potent phar macological mediators such as prostaglandins (5) and thromboxane (9) . The present results demonstrate lipase can be almost 100% activated during islet isolation, par ticularly during the middle of the digestion phase (23-25 min). Even at this stage the presence of contaminating retroperitoneal fat remaining attached to the pancreas could further augment cellular damage. In comparison, phospholipase A 2 was only 52% activated, but in one isolation large amounts of inactive prophospholipase A 2 were released with the potential for a 16-fold increase in further activation. In these situations the presence of large amounts of activated phospholipase A 2 and lipase could be particularly damaging to porcine islets. This is because compared to other mammalian islets porcine is lets lack a complete protective peri-insular capsule in the presence of collagenase elastin is not degraded until at least 120 min of pancreas digestion. In support of this, elastase activation is known to occur late in the activation cascade (23) . Finally, further to the low rate of elastase activation in this study, Niederau et al. (23) suggest that nanomolar concentrations can be damaging to acinar cells, but one can only speculate as to whether the amounts released during islet isolation would be suf ficient to produce similar effects upon islet cells.
Lastly, the carboxypeptidase enzymes A and B con firmed a greater degree of activation compared to tryp sin and elastase. They are highly specific enzymes and they make up a small proportion of the total active pro tease content (29) within a digesting pancreas, and are unlikely to be very influential to islet isolation, but fur ther study is needed to confirm this.
In summary, it is unlikely that poor islet yields and islet fragmentation are solely explained by variations be tween collagenase batches, and it may be that activated pancreatic endogenous enzymes are also influential in this process. Current evidence relating to isolated acinar cells suggests the most noxious effects are perhaps or-chestrated by elastase, chymotrypsin, lipase, and phos pholipase A 2 , but these studies need to be transposed to isolated islet cells. It is not surprising that the use of trypsin inhibitors has not solved the problem of poor islet yields as they only cause moderate inactivation of chymotrypsin (23) and perhaps no inactivation of phos pholipase A 2 or elastase. From the presented results, it can be seen that activation of pancreatic enzymes occurs during islet isolation but their activation is extremely unpredictable, thus partly explaining some of the vari ability seen in porcine islet yields following collagenase pancreas digestion.
